Deactivation of solid catalyst often occurs in biodiesel production. In this work, deactivated modified red mud catalysts used in biodiesel production were regenerated with hexane and calcination treatments. The deactivated and regenerated catalysts were characterized using XRD, FTIR, SEM, TG, N 2 adsorption, measured for their basic strength, and tested in the transesterification of canola oil. The results revealed that the main cause of the catalyst deactivation is due to obstruction of the active sites by contaminants. The regeneration by washing with hexane followed by calcination can effectively improve the properties of the deactivated catalyst and increase its catalytic activity.
soluble substances were leached out from the CaO solid base catalyst during the transesterification reaction. The alkali metals from the catalyst easily react with esters and trglycerides to form soaps, which signicantly leads to the deactivation of the catalyst [1] [2] [3] [4] [5] [6] . Another factor of catalyst deactivaton is structural collapse.
The porous structure of the catalyst can be collapsed by high temperature or mechanical mixing during reaction [7] [8] . The next reason of catalyst deactivation is surface poisoning by contaminants. The contaminants are organic compounds from the products or by-products of the transesterification reaction, such as methyl esters, glycerol or diglyceride [9] . The contaminants attach on the catalyst surface, fill the pore, and cover the active sites of the catalyst. Such conditions led to the low accessibility of the active sites of metal oxides to the reactants, which significantly inibit the activity of the catalyst [4] .
In the previous work [10] , we have applied red mud, a waste material from alumina industry, as a solid catalyst for biodiesel production. The red mud was modified using soda-lime calcination and successfully produce biodiesel that showed high fatty acid methyl esters (FAME) content, the compounds of biodiesel, from transesterication of canola oil. In this work, deactivation of modified red mud catalyst was studied to obtain the factor(s) that is/are responsible to degradation of its properties and activities. The regeneration of the deactivated catalyst was conducted by calcination, washing with hexane, and combination of them to show the effective method to recover its catalytic activity. The activity of the deactivated and regenerated catalyst were tested in the transesterification of canola oil. The physical and chemical properties of the catalysts such as thermogravimetry behaviour, crystallinity, morphology, specific surface area, and basic strength were also investigated.
Oueda et al. [4] reported that some catalysts based on CaO and MgO need to be regenerated by several methods, such as washing with hexane, acetone, methanol and followed by calcination up to 900˚C. The activity of the regenerated catalysts was then tested in transesterification of vegetable oils and showed such low activity compare to that using the fresh catalysts. Therefore, the necessity of this study is to find out the effective method to regenerate the used catalyst, especially for modified red mud catalyst, and recover its catalytic activity.
Materials and Methods

Catalyst Preparation
The fresh catalyst was prepared according to the method described in the previous work [10] . It was prepared by modification of red mud through soda lime calcination at 700˚C for 2 h. The fresh catalyst was then labelled as FC.
Catalytic Activity Test
The catalytic activity of the fresh, deactivated, and regenerated catalysts were performed by transesterification of canola oil with methanol to produce reactions were carried out in a 100 mL one-necked round-bottomed flask with a reflux condenser using optimum reaction conditions as obtained from the previous work [10] . The optimum reaction conditions were 12:1 of methanol/oil molar ratio, 4 wt% of catalyst amount, 60˚C of reaction temperature, and 2 h of reaction time.
After the reaction completed, the solid part was separated by filtration. The liquid part was put into a funnel separator and kept for 24 h at room temperature. The liquid separated into two layers, the lower layer was glycerol, and the upper layer was biodiesel. The yield of biodiesel or fatty acid methyl esters (FAME) was determined using the European procedure EN 14103 [11] by gas chromatography-mass spectrometry (GCMS-QP2010 SE, Shimadzu) with a Rxi-5Sil MS capillary column (30 m, 0.25 mm, 0.25 µm).
Catalyst Regeneration
The deactivated or used catalyst was dried at 100˚C overnight and labelled as DUC. The used catalysts were then regenerated through three different methods.
First, the DUC was calcined at 700˚C for 2 h, labelled as DUC-cal. Second, the used catalyst was washed using hexane and dried at 100˚C overnight, labelled as WUC. Third, the WUC was calcined at 700˚C for 2 h, labelled as WUC-cal. The deactivated and regenerated catalysts were then tested for their catalytic activity through transesterification of canola oil according to the procedure mentioned in 2.2.
Characterization of Catalyst
Characterization of the recovered catalyst was conducted using various methods.
Crystallinity and mineral contents identification was conducted using X-ray diffraction (XRD) Rigaku Multiflex X-ray diffractometer with Cu-Kα radiation (λ = 1.54056 Å) at 40 kV, 20 mA over the 2-theta range of 15˚ -40˚.
Thermogravimetry (TG) analysis were determined using Rigaku Thermoplus Figure 1 shows catalytic activity of the fresh, deactivated, and regenerated catalysts used in transesterification of canola oil. The catalytic activity of deactivated catalyst decreased significantly compared to the fresh one. The FAME yield of the produced biodiesel were 48.9% and 99.6%, respectively. After regeneration by calcination, the FAME yield of the produced biodiesel increased up to 78.9%. By washing with hexane and in combination with calcination, the activity were even higher. The FAME yield were 81.8% and 96.8%, respectively.
Results and Discussion
Results of Catalytic Activity Test
It showed that washing with hexane is an effective method to recover the catalyst activity. Further, by combination with calcination, the performance of the catalyst return almost as high as the fresh catalyst. The physical and chemical properties of the catalysts will be discussed more detail in section 3.2 to 3.5 to answer the factor(s) that responsible to degradation of the catalyst properties and activities. by the TG profile which showed very slight weight loss during heating.
Results of TG
Results of FTIR
To study the reason for the decrease of FAME yield, FTIR spectroscopy was used to explain the change of chemical bond structure on the catalyst surface. The change can be caused by surface interaction with constituents such as residues or products of the reactions. Figure 3 shows FTIR spectra of the catalysts. In the case of fresh catalyst (Figure 3(a) ), a sharp band was observed at 3644 cm −1 , due to the vibration of the OH groups that attached to Ca 2+ and Na + . This could be assigned to the OH group vibrations of the bound H 2 O on the surface of the sample. In addition, the band at 1674 cm −1 confirmed the adsorption of water on the catalyst surface [16] . The bands around 1445, 989, and 881 cm −1 represent the vibrations of the carbonates ion [17] . The carbonate species derived from the interaction between the surface basic sites with CO 2 from the atmosphere [16] .
The FTIR spectra of regenerated catalysts (Figures 3(c) -(e)) still reserved the characteristic spectra of the fresh one, and almost no significant changes during regeneration processes.
The significant change of the FTIR spectra occured in the deactivated catalyst (Figure 3(b) ). The deactivated catalyst presented new bands in the range 2950 -2850 cm −1 , corresponds to the C-H vibrations [16] . Besides, new bands were also observed at around 1745 and 1561 cm −1 , which were associated with the C=O group vibrations [18] . All the new bands resulted from the adsorption of methyl esters, glycerides, or glycerol on the catalyst surface, as the products and by-products of transesterication reaction [9] . These results revealed that after Figure 4 shows morphology of the catalysts. The fresh catalyst exhibited spongy and porous structures indicating surfaces with high adsorption capability. The particles shown have uniform distribution of agglomerates with irregular shapes (Figure 4(a) ). Agglomeration structures with spaces between agglomerates are effective solid catalysts for transesterification [19] . The channels can be optimized for the entry of triglyceride and methanol during reaction which is containing basic sites at the internal surface [20] . After the reaction, the deactivated catalyst appeared to be more condensed (Figure 4(b) ), due to covarage of the active sites by contaminants, which had significant effect on the loss of catalytic activity [21] . The regeneration by calcination improved the catalyst surfaces by burning out the contaminants as shown in Figure 4 (c). On the other hand by washing with hexane, and in combination with calcination, produced porous structures with highly distribution of agglomerates (Figure 4 (d) and Figure 4 (e)). The treatments made the active sites exposed and easily accessed by the reactants during reaction, indicated by the increase of FAME yield (Figure 1 ).
Results of SEM and N2 Adsorption
The N 2 adsorption analysis supported the SEM results as shown in Table 1 .
The specific surface area of deactivated catalyst decreased significantly from 4.45 Figure 5 shows XRD patterns of the catalysts. The XRD pattern of the fresh catalyst shows some active compounds for transesterification reaction, such as calcium oxide, sodium aluminate, and sodium silicate ( Figure 5(a) ). Those compounds were reported to have high basicity and high activity as solid catalyst for biodiesel production [5] [20] [24] . Basicity or basic strength in biodiesel catalyst has important role to deprotonate methanol into methoxide ion ( − OCH 3 ), a species that can reacts with triglyceride to form methyl esters (biodiesel) [25] .
Results of XRD and Basic Strength
The higher basic strength of the catalyst the higher its catalytic activity. The XRD pattern of deactivated catalyst shows significant decrease in the active compounds' relative intensity to quartz peak ( Figure 5(b) ). Some of them also dissapeared due to obstruction of the catalyst surface by contaminants. This phenomenon was also reported by Dias et al. and Deng et al. [26] [27]. Such conditions led to the low accessibility of the active sites to the reactants, as indicated by the decrease of its basic strength using Hammet indicators ( Table 1) .
The regeneration by calcination improved the crystallinity of the catalyst. Some active compounds appeared but the intensity still low ( Figure 5(c) ). The catalyst structures improved by washing with hexane, followed by calcination as shown in Figure 5 (d) and Figure 5 (e), respectively. The intensity of the active compounds increased as well as the basic strength as shown in Table 1 , and affected its catalytic activity.
Comparison Study: Regeneration of Modified Red Mud Catalyst and CaO Based Catalysts and Their Catalytic Activity
Calcium oxide is the most common solid base catalyst used in research of biodiesel production [14] . Table 2 summarizes the performance of regenerated CaO based catalysts in biodiesel production using different regeneration methods. The performance of regenerated modified red mud catalyst prepared in this study is also presented. Compare to regenerated CaO based catalyst, regenerated modified red mud catalyst had better performance. The FAME yield for repeated uses shows high value without any significant loss of activity.
The Role of Hexane (Washing Agent) and Calcination for Catalyst Regeneration
Hexane is an organic compound made of carbon and hydrogen ( Figure 6 ) which is commonly used as a solvent. One of the popular uses is as industrial cleaner or degreaser. Hexane is a non-polar molecule and it is very effective breaking molecules down and separating oils and other organic compounds from other Ref.
CaO from mud clam shells n-hexane, 900˚C 96.7 to 74.5 [28] CaZnO n-hexane, MeOH, 800˚C (3 h) 80 to <80 [29] CaO from biomass Acetone, EtOH, 600˚C -800˚C (4 h) 75 to 50 [30] CaO from waste cockle shells MeOH, n-hexane, 900˚C (2 h) >97 [31] Modified red mud n-hexane, 700˚C (2 h) 99.6 to 96.8 This study Figure 6 . Structure of hexane.
substances [29] . Further, since hexane cannot be easily deprotonated, it is used in the laboratory for reactions that involve very strong base [32] . Those factors explain that hexane is an effective washing agent for catalyst regeneration, especially for solid base catalyst.
Another common method to regenerate catalyst is by calcination. One of the aim using this method is to activate the hydrophilic materials from the moisture or other compounds, such as carbonate ions, that attach on their surface [4] .
However, calcination will not give effective result if it is directly conducted to the used catalyst. The organic compounds on the catalyst surface tend to convert into carbon and it still attach on the catalyst surface. This situation will not improve the activity of the catalyst. Calcination will give effective result if it is conducted after washing. Figure 7 illustrates the recycle steps of the catalyst. The fresh catalyst had high efficiency for biodiesel production due to containing high basicity and well distributed porous structures. After reaction, the used catalyst loss its activity due to coverage of the contaminants on its surface, affected the basic sites cannot be exposed to react with the reactants. The activity of the used catalyst can be recovered by washing with hexane and calcination. The washing treatment will clean up the catalyst surface from the contaminants. The next step, calcination, will activate the active sites of the catalyst. The activity of the regenerated catalyst is almost the same with the fresh one. The analysis of the physical and chemical properties of the regenerated catalyst using TG, XRD, FTIR, SEM and basic strength measurement also revealed that the characteristics of the regenerated catalyst are similar to the fresh one. 
Conclusions
Deactivation of modified red mud catalyst used in transesterification reaction might be caused by several factors, but mainly it is due to deposits of organic compounds on the catalyst. The results from TG, FTIR, XRD, and SEM showed that the contaminants change the properties of the catalyst. As a consequence, the contaminants affect in decrease of the specific surface area as well as the basic strength of the catalyst, and considerably reduce its catalytic activity.
The regeneration by washing with hexane and followed by calcination can effectively regenerate the physical and chemical properties, and recover its catalytic activity close to that of the fresh one. The understanding of the mechanism of a catalyst deactivation is really important to plan its regeneration process.
